Introduction
Photoproduction of mesons is a tool to study baryon resonances and the investigation of transitions between these states provides a crucial test for hadron models. The dominance of the ∆(1232) in the photoproduction of pions, e.g., has allowed to extract information on its electromagnetic transition amplitudes. Because of their hadronic decay modes nucleon resonances have large overlapping widths, which makes it difficult to study individual states, but selection rules in certain decay channels can reduce the number of possible resonances. The isoscalars η and η ′ are such examples since, due to isospin conservation, only the isospin- 1 2 excited states decay into the ηN and η ′ N channels. In recent years both η and η ′ photoproduction have been of considerable interest. The η photoproduction of protons has been measured at MAMI [1] and resonance parameters of the S 11 (1535) resonance and the electromagnetic coupling γp → S 11 have been extracted from the data. On the theoretical side, both an effective Lagrangian approach [2] and coupled channel models [3, 4] are used to investigate η photoproduction in the S 11 (1535) resonance region. In these approaches the coupling of the η to the nucleons is described by both a pseudovector and a pseudoscalar term and the coupling constant and the coupling structure of the Born terms is unknown. In [4] it has been shown that differential cross sections are rather sensitive to the assumptions about this vertex. But within the framework of chiral perturbation theory this coupling is fixed at lowest order by making use of the chiral SU(3) L × SU(3) R symmetry of the Lagrangian, whereas explicitly chiral symmetry breaking terms appear at higher orders. The SU(3) L × SU(3) R symmetric limit provides therefore a convenient starting point which overcomes the problem of fixing the ηNN vertex. The SU(3) chiral meson-baryon Lagrangian has been used in a coupled channel model [5] and by adjusting a few parameters a large amount of low-energy data was described. All the above mentioned investigations have in common that they treat the η meson as a pure SU(3) octet state η 8 and mixing of η 8 with the corresponding singlet state η 0 which yields the physical states η and η ′ is neglected. The η ′ is interesting by itself. The QCD Lagrangian with massless quarks exhibits an SU(3) L × SU(3) R chiral symmetry which is broken down spontaneously to SU(3) V , giving rise to a Goldstone boson octet of pseudoscalar mesons which become massless in the chiral limit of zero quark masses. On the other hand, the axial U(1) symmetry of the QCD Lagrangian is broken by the anomaly. The corresponding pseudoscalar singlet would otherwise have a mass comparable to the pion mass [6] . Such a particle is missing in the spectrum and the lightest candidate would be the η ′ with a mass of 958 MeV which is considerably heavier than the octet states. In conventional chiral perturbation theory the η ′ is not included explicitly, although it does show up in the form of a contribution to a coupling coefficient of the Lagrangian, a so-called low-energy constant (LEC).
The η ′ photoproduction has been investigated theoretically both in [7] and [8] . In the effective Lagrangian approach of [7] a pseudoscalar coupling of the η ′ to the nucleons was chosen and it was concluded that the η ′ N decay channel is dominated by the not so well established D 13 (2080) resonance, whereas in the quark model used in [8] the off-shell effects of the S 11 (1535) were prominent. In contrast, the experimental data from ELSA [9] suggested the coherent excitation of two resonances S 11 (1897) and P 11 (1986) . Recently, the η ′ has been included in baryon chiral perturbation theory in a systematic fashion. Within this framework it is possible to calculate the importance of the S 11 (1535) resonance for the η ′ N decay channel without making any assumptions on the η ′ NN coupling. The aim of this paper is to clarify the role of Born terms and low-lying resonances for both η and η ′ photoproduction within the framework of baryon chiral perturbation theory. The simultaneous description of η and η ′ photoproduction will also allow the inclusion of the η-η ′ mixing in a rigorous way. We restrict ourselves to the threshold region and to the calculation of Born terms and the leading resonances both in the t-channel and in the s-and u-channels. Such a simplified treatment of η and η ′ photoproduction will not allow us to reproduce all the experimental data in detail. Here, we are rather concerned with qualitative agreement and a rough estimate of the importance of low-lying resonances for both decay channels. In order to obtain a better description of the experimental data, one has to include chiral loops and further resonances, but this is beyond the scope of the present investigation. This work should therefore be considered to be mainly a check if the inclusion of η and η ′ mesons in a nonet of pseudoscalar mesons as proposed in [12] leads to an adequate description for processes of η and η ′ mesons with baryons. The η photoproduction off the neutron which has been measured at ELSA [10] provides a further test of our simple model and we are able to give predictions for the cross sections for η ′ photoproduction off the neutron. In the next section, we present the necessary formalism for photoproduction of η and η ′ mesons. The effective chiral Lagrangian including explicitly low-lying resonances is given in Sec. 3. The invariant amplitudes are shown in Sec. 4 and Sec. 5 contains the numerical results. We conclude with a summary in Sec. 6. The determination of the baryon resonance couplings is relegated to the Appendix.
General Formalism
The T -matrix element for the processes N(p 1 ) + γ(k) → N(p 2 ) + φ(q) with φ = η or η ′ is given by
The Mandelstam variables are
subject to the constraint s + t + u = 2M 2 N + m 2 φ with M N and m φ being the mass of the nucleon and the pseudoscalar meson, respectively. The invariant four-momentum transfer squared, t, can be related to the scattering angle ϑ in the c.m. system via
with z = cos ϑ. The equivalent photon energy in the laboratory system is given by
and the threshold values of s, t and E γ are
In the c.m. system, the differential cross section is related to T via
and our normalization is such thatūu = 2M N . In general, T can be decomposed as
with the invariant amplitudes
where we have neglected the operators B 4 and B 7 since they vanish for real photons and we use P = (p 1 + p 2 ). From current conservation one obtains the relations
It is therefore more convenient to define a set of independent amplitudes [11]
with
and
The A i obey the crossing relations
and are related to the B i via
The differential cross section can be written in terms of products of the A i with their complex conjugates A * i
The coefficients y ij = y ji read 
The total cross section is obtained by integrating over the angular variable z = cos ϑ σ tot (s) = 2π
For the multipole decomposition one expresses the transition amplitude in terms of Pauli spinors and matrices
The most general form for F reads
and the F i are related to the A i via
The projection matrix for the lowest multipoles E 0+ , M 1+ , M 1− and E 1+ is given by
with P i being the Legendre polynomials. Neglecting higher partial waves the differential cross section is given in terms of E 0+ , M 1+ , M 1− and E 1+ by |k| |q|
This completes the necessary formalism for the processes considered in this paper.
The effective Lagrangian
In this section, we will introduce the effective Lagrangian with η and η ′ coupled both to the ground state baryon octet and low-lying resonances in the s, u-and tchannel. Recently, a systematic framework for the η ′ in baryon chiral perturbation theory has been developed [12] . Here, we will extend this formalism by including explicitly the low-lying meson and baryon resonances.
Our starting point is the U(3) L × U(3) R chiral effective Lagrangian of the pseudoscalar meson nonet (π, K, η 8 , η 0 ) coupled to the ground state baryon octet (N, Λ, Σ, Ξ) at lowest order in the derivative expansion
The pseudoscalar meson nonet is summarized in a matrix valued field U(x)
where F π ≃ 92.4 MeV is the pion decay constant and the singlet η 0 couples to the singlet axial current with strength F 0 . The unimodular part of the field U(x) contains the degrees of freedom of the Goldstone boson octet φ
while the phase detU(x) = e i √ 6η 0 /F 0 describes the η 0 .
3 In order to incorporate the baryons into the effective theory it is convenient to form an object of axial-vector type with one derivative
with ∇ µ being the covariant derivative of U. The expression . . . denotes the trace in flavor space and the quark mass matrix
π the order parameter of the spontaneous symmetry violation. Expanding the Lagrangian L φ in terms of the meson fields one observes terms quadratic in the meson fields that contain the factor η 0 η 8 which leads to η 0 -η 8 mixing. Such terms arise from the explicitly symmetry breaking terms
The states η 0 and η 8 are therefore not mass eigenstates. The mixing yields the eigenstates η and η ′ ,
which is valid in the leading order of flavor symmetry breaking and we have neglected other pseudoscalar isoscalar states which could mix with both η 0 and η 8 . The η-η ′ mixing angle can be determined from the two photon decays of π 0 , η, η ′ , which require a mixing angle around -20
• [13] . We will make use of this experimental input in order to diagonalize the mass terms of the effective mesonic Lagrangian.
The baryonic Lagrangian consists of the free kinetic term and the axial-vector couplings of the mesons to the baryons. The values of the LECs D and F can be extracted from semileptonic hyperon decays. A fit to the experimental data delivers D = 0.80 ± 0.01 and F = 0.46 ± 0.01 [14] . We leave the third axialvector coupling λ undetermined for the time being. The covariant derivative of the baryon field is given by
with the chiral connection
to the order we are working and Q = 1 3 diag(2, −1, −1) is the quark charge matrix. Note that there is no pseudoscalar coupling of η 0 to the baryons of the form η 0B γ 5 B. Such a term is in principle possible but can be absorbed by the λ-term in Eq. (27) by means of the equation of motion for the baryons. Since we confine ourselves to the lowest order Lagrangian for the ground state baryon octet, higher order terms are omitted. The main purpose here is to investigate the importance of lowest order Born terms and resonance exchange. In order to obtain an improved description one must, of course, include higher order counterterms such as the anomalous magnetic moments of the nucleons.
We now proceed by including explicitly low-lying resonances in our theory. In the t-channel the lowest-lying resonances are the nonet of the vector mesons (ρ, K * , ω 8 , ω 0 ). According to [9] no evidence for ρ and ω exchange in the t-channel is given. We will investigate this statement within our framework. The vector mesons couple in a chiral invariant way to the baryons and the pseudoscalar mesons via the Lagrangian
where the operator Γ µ involves a vector and a tensor coupling
The electromagnetic piece of the Lagrangian is given by
The quantity F + αβ contains the electromagnetic field strength tensor
The states ω 8 and ω 0 mix to yield the physical states ω and φ. The mixing is characterized by the angle ϕ |ω = cos ϕ |ω 8 − sin ϕ |ω 0 |φ = sin ϕ |ω 8 + cos ϕ |ω 0
with ϕ ≃ 40
• [15] . The LECs of the effective Lagrangian are usually expressed in terms of the physical couplings g V N of ρ 0 , ω and φ to the proton
Comparison with the Lagrangian in Eq. (37) leads to
It follows immediately, that the coupling of ρ 0 , ω and φ to the neutron is given by
The couplings g V N are quite well known, we use g ρN = 6.08 and g ωN = 3g ρN [16] . The g φN coupling turns out to be much smaller than g ωN [15] (in agreement with the OZI suppression), so we can safely neglect the φ meson in our calculations by setting g φN = 0. Furthermore, the tensor coupling for the ρ meson is given by κ ρ = 6, whereas κ ω ≃ 0. Instead of using a common tensor coupling κ V for ρ and ω, as prescribed by the Lagrangian in Eq. (37), we prefer to work with the physical values κ ρ = 6 and κ ω = 0.
We proceed in a similar manner with the electromagnetic piece of the Lagrangian by defining the physical couplings
which are related to the SU(3) couplings via
The experimental values for the g V γη can be extracted from the decay width of radiative decays of the vector mesons
Using the values for Γ(ρ → ηγ) and Γ(ω → ηγ) from [13] we obtain g ργη = 1.8 GeV
Once the couplings of the vector mesons with η have been determined, their coupling strength to η ′ could in principle be calculated by making use of the Lagrangian in Eq. (39). But in order to get a more accurate estimate of these couplings, it is preferable to extract the coupling constants g ργη ′ and g ωγη ′ directly from the decay widths of the pertinent radiative decays
We obtain
This determines completely the contributions of the vector mesons. Note that the vector meson contribution is usually reduced, e.g., by using a form factor [7] . However, this effect should be reasonably small for η and η ′ photoproduction close to threshold.
Baryon resonances contribute in the s-and u-channel. In this work we consider the lowest-lying S-and P -wave baryon resonances, i.e. the J P = 1/2 + and 1/2 − octets which include P 11 (1440) and S 11 (1535), respectively. We will neglect higher partial waves baryon resonances such as D 13 (1520). Both P 11 (1440) and S 11 (1535) contribute to η photoproduction and experimentally dominance of S 11 (1535) is found [1] . On the other hand, the situation for η ′ photoproduction is not so clear. It has been discussed in the literature whether the data for η ′ photoproduction on the proton can be understood by taking resonances in the 2 GeV region or off-shell effects of S 11 (1535) into account [7, 8] . In the present investigation we will extend the formalism for the chiral U(3) Lagrangian presented in [12] by including the J P = 1/2 + and 1/2 − baryon resonance octets. As we will see shortly, the parameters of such a Lagrangian can be fixed from strong and radiative decays of the resonances. This allows us to predict the contributions of P 11 (1440) and S 11 (1535) both for η and η ′ photoproduction. Within our effective Lagrangian approach the results will be predictive and no additional parameters have to be fitted to obtain agreement with experiment. Therefore, the application of the U(3) formalism within baryon chiral perturbation theory to photoproduction processes is a highly nontrivial check of this method. It can also clarify the importance of the S 11 (1535) resonance for η ′ photoproduction. To this end, it is sufficient to obtain a rough estimate for the resonance contributions. In order to achieve better agreement with experiment, one has to consider further resonances, e.g. D 13 (1520) and S 11 (1650), and include chiral loop corrections. But this is beyond the scope of the present investigation and the calculations are performed at tree level.
Let us first consider the spin-1/2 + octet which we denote by P . The octet consists of N * (1440), Σ * (1660), Λ * (1600), Ξ * (?) and the effective Lagrangian of the P -wave octet coupled to the ground state baryon octet takes the form
with the kinetic term
Since for the processes considered here only N * (1440) contributes, we set M P = 1.44 GeV. The interaction terms of the P -wave resonances with the ground state baryon octet read
A possible η 0P γ 5 B term can again be eliminated by using the equation of motion for baryons. The coupling constants D P , F P and d P , f P can be determined from strong and radiative decays of the N * (1440) resonance, cf. App. A; we use the central values
The spin-1/2 − octet consists of N * (1535), Λ * (1670), Σ * (1750), Ξ * (?) and the pertinent Lagrangian reads
and the interaction part
We set M S = 1.535 GeV and from strong and radiative decays of the S-wave resonances one obtains, cf. App. A,
Since there exists data on decay channels of the S-wave resonances into η, we are able to fix the coupling λ S by taking η-η ′ mixing into account, whereas for λ P we relegate the discussion to Sec. 5. Several remarks are in order. First, we would like to point out that our simple ansatz of zero width resonances will lead to singularities at the resonance mass which could be circumvented by the use of a finite width. This will restrict in the case of η photoproduction the validity of our approach to energies very close to threshold which we are considering in the present work, whereas it is numerically irrelevant for η ′ photoproduction. Furthermore, the couplings of the resonances to the nucleons are determined by their pertinent decay widths. Therefore, their sign is not fixed and a different choice of their signs leads to changes in our results. We have chosen the signs of the resonance couplings in such a way, that they lead to better agreement with existing data for η and η ′ photoproduction and do not present the results for the other possible values of the couplings. Finally, we have calculated both Born terms using the lowest order chiral effective Lagrangian and resonance contributions. We would like to emphasize that this procedure does not imply any double counting. The contributions of the resonances are hidden only in higher chiral order counterterms of the effective Lagrangian which we did not take into account in the present investigation. Born terms like the ones used in this work are not produced by resonance contributions.
Invariant amplitudes
We proceed by presenting the invariant amplitudes for η and η ′ photoproduction on the nucleons. Let us start with the Born terms which vanish in the case of the neutron. The diagrams contributing to photoproduction off the proton are depicted in Fig. 1 and they read
This leads to the total cross section
Vector meson exchange is shown in Fig. 2 . One has to add the following terms to the invariant amplitudes for photoproduction on the proton
For the neutron g ρN has to be replaced by −g ρN . We now turn to the baryon resonances. Their contributions are given in Fig.  3 and read for the spin-1/2 + octet in the proton case
whereas the results for the neutron are obtained by replacing d P + 3f P by −2d P in Eq. (64). The contributions from the spin-1/2 − resonances read in the case of the proton
where for neutrons d S + 3f S in Eq. (66) has to be replaced by −2d S .
Numerical results
In this section, we discuss the numerical results for the central values of the resonance couplings as given in Sec. 3. We were able to determine most LECs by using experimental data from both semileptonic decays of the ground state baryon octet and from strong and radiative decays of the baryon resonances. The coupling constants of the vector meson Lagrangian are quite well known. The only parameters not fixed so far are the couplings λ and λ P of the axial flavor-singlet baryonic currents. We note that from large N c counting rules, one expects |λ| < |D|, |F | and |λ P | < |D P |, |F P |. In order to get an estimate of these couplings we therefore varied their values within a small range around zero. It turns out that the dependence on λ P is almost negligible and one can safely set λ P = 0. Variation of λ leads to some smaller changes in the results and we find improved agreement with experiment for λ = 0.05. Of course, we could achieve better agreement with experiment by fine-tuning all parameters, but here we are only interested in a rough estimate of the resonance contributions. For F 0 we employ the large N c identity F 0 = F π . Once the parameters are determined, the resonance contributions are fixed both for η and η ′ photoproduction. This will particularly clarify the importance of low-lying resonances for η ′ photoproduction within the chiral U(3) Lagrangian approach presented in this paper, since our results are predictions rather than a fit to experimental data. It also serves as a check if the η ′ can in general be included in baryon chiral perturbation theory in a systematic fashion as proposed in [12] .
In Fig. 4 we present the total cross sections obtained from our tree level model. We restrict ourselves to the threshold region, since chiral loop effects and contributions from further resonances will become more important with increasing c.m. energy s. We are able to achieve reasonable agreement with existing data. However, the energy bins of the experiment for η ′ photoproduction on the proton are 100 MeV and 200 MeV wide [9] and can therefore not be compared directly with our theoretical estimates. But we obtain a total cross section for η ′ photoproduction which is in the same order of magnitude as in the experiment, i.e. ≃ 1.5 µb. In particular, η ′ photoproduction close to threshold can be understood without taking any further resonances into account. The dashed lines in Fig. 4 are the contributions from the Born terms without the inclusion of resonances. Obviously, the resonances considered in this model lead to sizeable contributions except for η ′ photoproduction on the proton in which case the sum of their contributions is almost negligible. Furthermore, we are able to reproduce the ratio of η photoproduction on the neutron and the proton, which is experimentally found to be 2/3 [10] . It is also worthwhile to compare our results for the differential cross sections with experimental data. In Fig. 5 we show the differential cross sections for η and η ′ photoproduction on the proton close to threshold. The data for η ′ photoproduction as shown in Fig. 5b ) is the energyintegrated angular distribution for 1.44 GeV < E γ < 1.54 GeV. Dividing by the phase space factor |q|/|k| in Eq. (6) in order to account for the wide energy bin one obtains experimental data which have a slightly smaller differential cross section than obtained in our model. This might indicate that we overestimated the resonances, e.g., by not using a form factor for the vector mesons. Nevertheless, our simplified treatment of η and η ′ photoproduction shows, that one is able to understand the size of experimental data just by considering lowest order Born terms and resonance exchange.
In Figs. 6 and 7 we present the results for the multipoles E 0+ , M 1+ , M 1− and E 1+ in the threshold region. In order to estimate the significance of the different resonances, we show in Table 1 the multipoles for η photoproduction off the proton at c.m. energy s = 708 MeV both with and without resonances. We conclude that while the spin-1/2 + resonance octet does not contribute significantly, both vector mesons and spin-1/2 − octet lead to sizeable contributions. For completeness we present the energy dependence of the coefficients A, B and C from Eq. (23) in Figs. 8 and 9.
Summary
In the present work, we studied η and η ′ photoproduction on both the proton and neutron. To this end, we pinned down an effective chiral U(3) Lagrangian which describes the interactions of the pseudoscalar meson nonet (π, K, η, η ′ ) with the ground state baryon octet and low-lying resonances. These include the vector mesons ρ 0 and ω in the t-channel (the φ meson leads to much smaller contributions and can be neglected for our purposes), and the J P = 1/2 + and 1/2 − baryon resonances P 11 (1440) and S 11 (1535). Our aim here is to obtain a rough estimate of the contributions of these low-lying resonances both for η and η ′ photoproduction. Further resonances have therefore been neglected, such as S 11 (1650) and the higher partial wave resonance D 13 (1520). Most LECs of the effective Lagrangian can be determined using semileptonic hyperon decays and both strong and radiative decays of the baryon resonances. The couplings of the vector mesons are also quite well known. Only the couplings of the axial flavor-singlet currents of the ground state and spin-1/2 + resonance baryons, λ and λ P , could not be fixed from experiment. Variation of both parameters within a realistic range revealed that λ P does almost not alter our results and is therefore set to zero. For λ we have chosen a value which leads to improved agreement with experiment. Our results are therefore predictions rather than fits to experiment. We calculated the Born terms and the resonance contributions to η and η ′ photoproduction on the nucleons using the chiral U(3) Lagrangian. Comparison with data close to threshold shows that this simple model is capable of producing simultaneously reasonable agreement with η and η ′ photoproduction both on the neutron and proton, i.e. the size of the experimental data for photoproduction of the η ′ meson can be understood just by taking low-lying resonances into account. Of course, we do not expect our model to be valid for higher c.m. energies away from threshold, since other effects such as contributions from further resonances and chiral loop corrections will become significant. We are able to reproduce the ratio of η photoproduction on the neutron and the proton, which is experimentally found to be 2/3 [1] . Reasonable agreement with experiment is also obtained for the differential cross sections, which is almost constant for η photoproduction and forward-peaked in the case of η ′ . Finally, we present results for the multipole decomposition of η photoproduction. Within our model, we find, that contributions from vector mesons and S 11 (1535) dominate, whereas contributions from P 11 (1440) lead to some minor corrections.
The present investigation also served as a check if the η ′ meson can be included in baryon chiral perturbation theory as proposed in [12] . The findings of the present investigation concerning η ′ photoproduction can be confirmed, e.g., by employing the chiral U(3) meson-baryon Lagrangian without explicit resonances in a coupled channel approach. This will generate dynamically the baryon resonances as was shown in [5] for η photoproduction. Work on this subject is currently underway.
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A Determination of the baryon resonance couplings
In order to determine the strong coupling constants of the baryon resonances, we use the decays N * (1440) → Nπ, Λ * (1600) → Σπ and N * (1535) → Nπ , N * (1535) → Nη, Λ * (1670) → Λη, see also [17] . The width follows via
being the three-momentum of the meson φ = π, η in the rest frame of the resonance. The terms M R and M B are the masses of the resonance and the ground state baryon, respectively. We employ the physical masses of the baryons involved in a decay. The mistake we make in not using common octet masses is of higher chiral order and, therefore, beyond the accuracy of our calculation. For the transition matrix one obtains in the case of P -wave resonances
and for the S-waves
with the coefficients
where we have taken η-η ′ mixing into account. For F 0 we employ the large N c value F 0 = F π . Using the experimental values for the decay widths we arrive at the central values
where we have chosen the signs in accordance with the data for η and η ′ photoproduction. We do not present the uncertainties in these parameters here, since for the purpose of our considerations a rough estimate of these constants is sufficient.
We now turn to the determination of the couplings d P , f P and d S , f S appearing in the electromagnetic part of the effective resonance-ground state Lagrangian. The decays listed in the particle data book, which determine the coupling constants d S and f S , are N * (1535) → Nγ, see also [18] . The width is given by
being the three-momentum of the photon in the rest frame of the resonance. For the transition matrix one obtains
with p i the momentum of the decaying baryon and the coefficients
Using the experimental values for the decay widths we arrive at the central values
For the determination of d P and f P we use the decays N * (1440) → Nγ. One has to replace the resonance mass by M P ≃ 1440 MeV in Eq. (A.7,A.8) and the coefficients read
The fit to the decay widths delivers [1] . We do not show data from [9] for η ′ photoproduction since the energy bins of this experiment are 100 and 200 MeV wide. MeV which is compared with the data from [1] . b) Differential cross section for γp → pη ′ at E γ = 1.45 GeV. The data are the energy-integrated angular distributions for 1.44 GeV < E γ < 1.54 GeV [9] . 
